The recent development of human societies has led to major, rapid and often inexorable 13 changes in the environment of most animal species. Over the last decades, a growing number 14 of studies formulated predictions on the modalities of animal adaptation to climate change, 15 questioning how and at what speed animals should adapt to such changes, discussing the levels 16 of risks imposed by changes in the mean and/or variance of temperatures on animal 17 performance, and exploring the underlying roles of phenotypic plasticity and genetic 18 inheritance in this adaption. These fundamental predictions, however, remain poorly tested 19 using field data. Here, we tested these predictions using a unique continental-scale data set in 20 the European earwig Forficula auricularia L, a univoltine insect introduced in North America 21 one century ago. We conducted a common garden experiment, in which we measured 13 life-22 history traits in 4158 field-sampled earwigs originating from 19 populations across North 23
INTRODUCTION
The Earth's climate has changed several times throughout history, leading to gradual 37 modifications of both its natural environments and multiple traits of its resident organisms, 38 such as their reproduction, survival, abundance and geographic range ( Because the univoltine life cycle of the European earwig lasts up to 2 years and 85 encompasses all seasons and temperatures (Lamb 1976 , Meunier et al. 2012 ), it has long been 86 thought that annual mean temperatures and/or temperature seasonality could be major 87 constraints in the success of F. auricularia invasions (Vancassel 1984 , Hill et al. 2019 . 88
However, it remains unclear whether this species can mitigate these thermal constraints, and 89 whether it does so by adapting its life cycle and life-history traits (Ratz et invasion over the last century, i.e. in less than 100 generations. In particular, we 1) tested 110 whether and how individuals altered their life history traits in response to the thermal 111 constraints of the invaded locations, 2) identified to which thermal constraints they adapted to 112 and 3) investigated the role of phenotypic plasticity in this adaptation. From 1988 to 1995, we 113 field-sampled individuals originating from 19 populations located from the East to the West 114 coasts, maintained them under standard laboratory conditions and measured the properties of 115 the 1 st and 2 nd clutches produced by each female in terms of egg laying date, egg number, egg 116 development time and number of newly hatched larvae. We also recorded the reproductive 117 strategy of the females (iteroparity versus semelparity), their reproductive outcome (total 118 number of eggs and larvae produced over lifetime), as well as the experimental survival 119 duration of the field-sampled males and females. To identify which thermal constraints the 120 tested earwigs adapted to, we tested whether our measurements could be explained by the 121 results of a principal component analyses (PCA) of the mean monthly temperatures of each 122 population. This process characterizes patterns of variation among populations' temperatures 123 without a priori definitions of their associations, i.e. without predetermining the focus on 124 overall mean temperatures and/or specific thermal regimes (defined as variation of 125 7 and the thermal regimes of their populations (i.e. all sampled populations should show similar 135 performance in the common garden). 136
MATERIAL AND METHODS

Earwig sampling and laboratory rearing 137
All F. auricularia individuals were collected over 7 years among 19 natural populations located 138 across North America ( Figure 1 , Table 1 ). These individuals were mostly collected as adults 139 using wooden traps (Tourneur 2018) between July and August, and were immediately setup in 140 glass containers (Mason Jars Company, Erie, Pennsylvania, United States of America) in 141 groups of 20 to 30 individuals. These containers received two sheets of creased toilet paper as 142 resting places for earwigs, and were then transported to our laboratory in Montreal, Canada. One to two months later (between the 7 th and the 19 th day of October of each year), we 151 used 4158 of these field-sampled individuals to set up 2079 mating pairs (from 17 to 356 pairs 152 per population, see Table 1 ), in which we subsequently measured 13 life-history traits (see 153 below). These pairs were set up in Petri dishes (diameter 10 cm) lined with a thin layer of moist 154 sand, and in which food was changed and substrate humidified once a week. Each Petri dish 155 was then transferred in a climate chamber and then maintained at 10 ± 1 °C, a temperature 156 close to the overall median temperature of the 19 sampled populations (i.e. 9.5°C, see Table  157 S1). Food was removed at egg laying to mimic the natural end of earwigs' foraging activity 158 (Kölliker 2007) . At egg hatching, we discarded all newly emerged larvae from the experiments 159 to trigger a novel ovarian cycle in the mothers and allow their production of a subsequent clutch 160 (Vancassel and Foraste 1980, Meunier et al. 2012) . We then maintained the pairs under the The potential co-occurrence of the two subspecies in our data set is thus unlikely to bias our 172 study and its main conclusions. 173
Measurements of the life-history traits 174
For each mating pair, we measured 13 life-history traits encompassing the properties of the 175 resulting 1 st and 2 nd clutches (when present), the reproductive strategy and reproductive 176 outcomes of each female, as well as the experimental survival duration of both field-sampled 177 males and females. These properties were obtained by recording the date of egg production, 178 counting the number of eggs produced, calculating the duration of egg development until 179 hatching (in days) and finally counting the number of larvae at egg hatching in both 1 st and 2 nd were obtained by recording whether they were semelparous or iteroparous (i.e. produced one 182 or two clutches in their lifetime, respectively), and by counting the total number of eggs and 183 larvae produced per female during their lifetime. Finally, we measured the experimental 184 survival duration of adult's by counting the number of days each male and female survived 185 after October 1 st of the year of field sampling. Although our measurement of survival duration 186 does not necessarily reflect adults' longevity, as individuals could have different age at field 187 sampling (see discussion), it nevertheless provides important insights into the period at which 188 males and females of each population die during the year. Note that 8.1% and 5.4% females 189 from Santa Cruz and Asheville, respectively, produced a third clutch. This third clutch was not 190 considered in the present study, as our experiment ended before their hatching. 191
Extraction of mean temperatures and thermal regimes of each population 192
We extracted the mean monthly temperature of the 19 studied populations using their GPS 193 coordinates (Table 1) (Table S1 ). This 199 analysis provided us with 12 orthogonal principal components (PCs), out of which we retained 200 the first three PCs (total variance explained = 98.6%, Table 2 ). The first components (PC1) October and November on one hand, and April and May on the other hand. High values of PC3 208 therefore characterized populations with cold autumn and warm spring, whereas small values 209 of PC3 reflected populations with warm autumn and cold spring. 210
Statistical analyses 211
To test whether F. auricularia adapt their life-cycle and life-history traits to North American 212 temperatures, we conducted a series of 12 linear models (LM in R) and one generalized linear 213 model (GLM in R)see Table 3 . In the 12 LMs, the three selected PCs and their interactions 214 were entered as explanatory variables (PC1, PC2 and PC3), whereas the response variable was 215 either egg laying date, egg number, egg development time and larvae number for the 1 st or 2 nd 216 clutches (a total of 8 LMs), the total number of eggs or larvae produced, or the survival duration 217 of males or females. Note that both egg laying date and adult's survival duration were 218 calculated using October 1 st as day 0. In the GLM, the response variable was the ratio of 219 iteroparous females per population, which was entered using the command cbind in R (to 220 weight each ratio by the sample size of its population) and fitted to a binomial error distribution 221 corrected for overdispersion. In all our statistical models, the response variables were the mean 222 values of each measured trait per population. They were also checked for homoscedasticity and 223 normality of residuals, as well as simplified stepwise by removing all non-significant 224 interaction terms (all P > 0.05). To correct for inflated Type-I errors due to multiple testing 225 (and provide an experiment-wide Type I error rate of 5%), all P-values were adjusted using 226
False Discovery Rate (FDR) correction (Benjamini and Hochberg 1995). All analyses were 227 conducted using the software R v3.5.1 loaded with the packages raster, FactoMineR, rsq and
RESULTS
The 19 studied populations greatly varied in their mean temperatures and thermal regimes 230 (Table S1) Of the 13 measured traits, 10 varied together with the thermal regimes of the population 245 of origin (Table 3) . Five of these 10 traits were exclusively associated with PC2 (February-246 summer temperatures), two traits were exclusively associated with PC3 (autumn-spring 247 temperatures), and three traits were associated with both PC2 and PC3. By contrast, no traits 248 were associated with PC1 (overall mean temperatures). The associations with PC2 revealed 249 that populations with cold February and warm summers (high PC2 values) had females that 250 produced their 1 st clutch of eggs earlier and these eggs had longer development time compared 251 to populations exhibiting warm February and cold summers (low PC2 values, Figure 2 ). to be iteroparous, Figure 3 ) and when they did so, their 2 nd clutches eggs were less numerous 254 ( Figure 3) and showed longer development time (Figure 3 ). Moreover, females and males from 255 populations with cold February and warm summers lived less long compared to adults from 256 warm February and cold summers (Figure 4) . On the other hand, the effects of PC3 reveal that 257 populations exhibiting cold autumn and warm spring (high PC3 values) had females that 258 produced their 1 st clutch of eggs later in the season and these eggs were less numerous 259 compared to females from populations with warm autumn and cold spring (low PC3 values, 260 life environments faced before field sampling (Nylin and Gotthard 1998). It has been suggested 295 that traits tightly linked to fitness are more strongly canalized due to past stabilizing selection 296 (Falconer 1990). Our findings therefore suggest that the observed changes in the timing of first 297 reproduction and females' reproductive strategy may have first emerged as a plastic response 298 to the thermal constraints of the different localities, then diverged between populations through 299 canalization to ultimately become inherited traitsall this in a maximum of 100 generations.
Our data also reveals that thermal regimes are associated with lifetime egg production, 301 but not with lifetime larvae production. In particular, the total number of eggs produced per 302 female decreased with decreasing autumn temperatures, whereas this association vanished with 303 larvae number. This apparent discrepancy suggests that females from populations with the 304 warmest autumns lost a larger number of eggs during egg development. A first explanation 305 could be that these females produced eggs of lower quality and/or were less efficient in egg 306 care, a process that is essential to ensure egg development until hatching in earwigs ( European earwig, this phenomenon has been proposed to reflect an adaptive strategy to limit 316 female weight loss during the period of egg care (i.e. when they stop all other foraging 317 activities) and by doing so, to reallocate resources into post-hatching care and/or into a 2 nd 318 oogenesis cycle (Koch and Meunier 2014, Tourneur 2018). Given that females lay eggs earlier 319 in populations with the warmest autumns, this increased egg consumption could be an adaptive 320 strategy to limit the cost of tending newly hatched offspring earlier in the season (middle of 321 winter) when food sources are scarce or absent. If this hypothesis holds true, it would suggest 322 that filial egg cannibalism could be a strategy that F. auricularia females have evolved to better 323 cope with warmer autumns. 324 Furthermore, we found that the survival duration of both males and females were 325 associated with the thermal regime of the population of origin. In particular, female's and 326 male's survival duration decreased together with warm summers (and cold Februaries), while 327 male's survival duration also decreased with warm autumns (and cold springs). The first results 328 may be a by-product of the effect of temperature on their date of egg laying and/or egg hatching. 329
In particular, we showed that females from populations facing warm summers are the first to 330 lay their eggs. Individuals from these populations might thus have been the oldest at the date 331 of our field sampling, therefore leading to the shortest survival duration in our subsequent Table 3 -Results of the statistical models on the 13 measured life-history traits. PC1 positively reflects the overall mean temperature of a 553 population. High values of PC2 reflect populations with cold February (winter) and warm summer, and vice-versa. High values of PC3 reflect 554 populations with warm spring and cold autumn, and vice-versa. P-values significant after FDR correction (adj-P) are in bold. Note that FDR 555 correction transforms each P-value in function of its rank of statistical significance in the data set, which can lead to similar corrected p-values. 556
Model estimates (estim 
